Ag/AgCl/KCl(3M) carbon residues are the main product, detected on the copper surface by SERS (and confirmed by XPS), whereas in solution higher levels of dichloroethylene and trichloroethylene are detected with a DCE/TCE ratio bellow 1.
electrochemical treatment by reduction and oxidation, the halocompounds present only acceptable results by electroreduction [16] , especially in aqueous media. In this latter reference, it is established that i) the electroreduction takes place at potentials close to those for the reduction of the background working solution, decreasing the current efficiency, and ii) that the mechanism usually follows a radical pathway, whose intermediates undergo other reactions. However, it is not obvious that reduction of a carbon-chloride bond follows a radical pathway. In almost every instance, the process (which occurs at very negative potentials) involves two electrons to form a carbanion intermediate [1] .
Because of sluggish kinetics, little attention has been paid to fundamental studies of the electrochemical behavior of chlorinated compounds in aqueous media. From the large group of chlorinated compounds, chloroform has been routinely the molecule most studied by electrochemical methods. It was stated that the carbon-halogen bond cleavage follows a general scheme involving loosely and strongly adsorbed species and methane was obtained as the major final product with platinum cathodes [17] . With Ag, Zn, Cu and Pd cathodes, both methane and dichloromethane were obtained [18] . Dichloromethane was found as a final product for Pb and Sn electrodes [18] . Carbon tetrachloride has been also degraded by Criddle et al. [19] using silver as cathode in the electrochemical route. Chloroform, dichloromethane and CO were obtained as final products. They concluded that carbon tetrachloride can undergo parallel transformation: by hydrogenolysis and by hydrolytic reduction in aqueous solutions.
Chlorinated ethylenes are another group frequently studied and different approaches can be found in the literature. On one hand, the metal-catalyzed degradation of chlorinated ethylenes by interaction of these compounds with metal surfaces is of great interest, but only a limited amount of work on metal surfaces such as Ag , Cu, Pd, and Pt has been reported [20] [21] [22] [23] [24] . On the other hand, electrochemical approaches are also being investigated. Special attention merits the work done by Liu et al. [25] . For perchloroethylene (PCE), trichloroethylene (TCE) was the major intermediate and transdichloroethylene (DCE) and acetylene were intermediates at the trace level. Ethene and ethane were the major products together with minor quantities of propane, C 4 and C 6 hydrocarbons, which indicates that free radicals are produced during the electroreduction at nickel electrodes. They concluded that sequential hydrogenolysis is the major reaction pathway for chlorinated alkenes. Farrell et al. [26] reported that TCE is indirectly reduced by atomic hydrogen and PCE undergoes direct reduction, but, in any case, ethene was the major reaction product.
In spite of the fact that perchloroethylene is a widely used solvent in many areas of industry and it has been reported as a major intermediate in the degradation of other chlorinated compounds, to our knowledge, there is not an extensive fundamental study of the electrochemical degradation of this compound. We present here for the first time a combined spectroscopic (SER) and electrochemical study on perchloroethylene reduction in aqueous medium, examining the catalytic reactions occurring on the electrode surface.
This system is studied on a copper substrate, due not only to the good performance of this material for SER analysis but also owing to the large possibilities we can foresee, having exceptional catalytic properties as common metal or alloy [7] . In this paper, it has been shown that electroreduction of perchloroethylene may occur at very high electrode potential (-0.3 V vs Ag/AgCl/KCl(3M)). Besides, the fruitful combination of SER analysis and electrochemistry is highlighted, especially for the analysis of systems whose electrochemical behavior is difficult to analyze only by means of electrochemical techniques.
This article is organized as follows. First, the voltammetric behavior of the background system (aqueous sodium sulphate/copper electrode) is presented followed by a parallel SER study as reference. Then, perchloroethylene is added to the system and the same combined study is carried out: the voltammetric behavior is analyzed in static and enhanced mass transport conditions (RDE experiments This treatment renders the rough metal surface needed for SERS experiments.
Experimental setup. A three-compartment electrochemical cell was used for voltammetric studies and an all-glass two-compartment cell for preparative electrolysis. Figure 1 shows the spectroelectrochemical PTFE cell designed to acquire in situ Raman spectra. The electrochemical experiments were carried out using an Autolab PGSTAT30 and the spectroelectrochemical experiments using a Electrochemical Analyzer, model CHI600C frp, CH Instruments, USA. In both cases, the counter electrode was a spiral wound platinum wire and all electrode potentials were measured and quoted vs Ag/AgCl/KCl (3M) electrode (Crison, model 52 40).
For the spectroelectrochemical experiments, the Cu working electrode, pretreated by the method previously indicated, was mounted in the spectroelectrochemical PTFE cell. A fused silica window separates the microscope objective from the electrolytic solution. PCE solutions were introduced into the spectroelectrochemical cell at controlled potential.
Raman spectra were obtained with a LabRam spectrometer (from Jobin-Yvon Horiba). The slit and pinhole employed were 200 nm and 600 nm, respectively. The excitation line was provided by a 17 mW He-Ne laser at 632.8 nm. The laser beam was focused through a 50x long-working distance objective (0.5 NA) into a 2-µm spot at the electrode surface. The spectrometer resolution was better than 3 cm -1 , the detector was a Peltier cooled chargecouple device (CCD) (1064 x 256 pixels) and typical acquisition times of 5 s were employed. All the spectra shown in this paper are presented as obtained and no baseline correction was applied. The SER spectra at different potentials were recorded point by point by varying the electrode potential stepwise in the negative-going direction from the initial anodic one, followed by shifting of the potential to a new value and recording of SERS spectrum.
Analysis. For the detection of the products of preparative electrolysis, the sample analyses were carried simultaneously by both HPLC and gas cromatography in order to follow the organic products from the PCE reduction. The chloride ion content was The shape of the broad peaks located between -0.36 and -0.9 V in Figure 2A indicate that they are not related to a mass-transport controlled process but to one limited by the surface. These broad peaks are followed by a short potential window with a low current density prior to the onset of hydrogen evolution at potentials more negative than -1.0 V. SER spectra recorded at different electrode potentials provide useful information in order to analyze the voltammetric profiles shown in Figure 2A . Spectrum (a) in Figure 2B was recorded at -0.1V where a net anodic current density is observed. A set of bands ranging from 250-600 cm -1 related to copper oxides, and a clear band located at 964 cm -1 from symmetric stretching vibration of sulphate anion, are displayed. In the same way, other authors such as Chan et al [28] have studied the oxide film formation and oxygen adsorption on copper in aqueous media by SERS, in alkaline and neutral media. In spite of the unbuffered nature of the neutral pH electrolyte (pH 6), which precludes a detailed potential analysis of the spectra, they assigned the peaks at 625 and 525 cm -1 to Cu 2 O thin films and a weak SERS feature at 460 cm -1 was tentatively assigned to Cu(OH) 2 . In any case, an increase in the cathodic contribution of the net current density is detected at more negative potentials (points b and c in Figure 2A ) linked to a decrease in intensity of the copper oxide bands ( Figure 2B ). The copper oxide reduction is pointed out by the observation of a net cathodic current density at potentials more negative than -0.36V
( Figure 2A ) in agreement with spectrum (c) in Figure 2B .
Spectroelectrochemical analysis of the system aqueous PCE-Na 2 SO 4 -Cu electrode As we have mentioned in the introduction, it has been proposed that some chlorinated compounds can be reduced by indirect reaction with atomic hydrogen and this could be a reasonable explanation for this increase in the cathodic current density at potentials in the hydrogen evolution range.
As indicated above, the solubility of PCE in water is very low, so the mass-transport limitations are analyzed in Figure 3B showing the voltammetric profile in RDE experiments in the presence and absence of PCE (inset), and at two different rotation rates in presence of PCE (main plot). As we can see, the PCE electroreduction onto a fresh copper surface is increased by the mass-transport enhancement of PCE from the bulk solution, throughout the whole potential region investigated. Special attention should be paid to the voltammetric responses at E > -0.3V showed in Figure 3 . In static conditions ( Figure 3A ) addition of PCE enhances the anodic current observed. In contrast, at enhanced mass transport conditions ( Figure 3B ), the addition of PCE implies an increase of the cathodic current density contribution at potentials less negative than -0.3.
Voltammetric analysis can be clarified with additional information provided by SERS. Figure 4 shows a set of spectra acquired at different potentials obtained by adding 2 Cu(100) [22] and Cu(110) [21, 29] , and the dominant product in all cases is acetylene.
Pettinger et al. [30] performed a study of the potential dependence of the SER spectra for metal-halide vibrations and assigned the band at 292 cm -1 to the ν[Cu-Cl]. Eltsov et al.
[31] in a SERS study on chlorinated Cu(111) observed a band centered at 294 cm -1 that was assigned to the ν[Cu-Cl]. Finally, Jugnet et al. [32] in a HREELS investigation of the adsorption of trans-dichloroethylene on Cu(110) found a band at 310 cm -1 assigned to the Cu-Cl stretching. In order to check this assignment in our experimental system and the possible role of the Cl -anion in the copper oxide/PCE reduction, an experiment was performed in which a 1 mM NaCl aqueous solution was added into the electrolyte solution at 0 V. Figure 5 displays (A) the linear voltammetric profile and (B) the spectra registered and their evolution with the potential applied to the working electrode. As we can see in Figure 5A , there is little influence in the voltammetric profile due to the presence of Cl -anion, decreasing the oxidation of copper at potentials higher than -0.36 V. Besides, looking at Figure 5B , a strong band appears at 290 cm -1 and according with Chan et al. [28] the observed band is assigned to the presence of a CuCl phase film formed during metal dissolution. Consequently, when PCE is added to the background electrolyte, the observed band at 290 cm -1 proofs that PCE undergoes a dehalogenation process. It is also interesting to highlight that an unexpected band appears at 2920 cm -1 whose intensity varies in the same way as the 290 cm -1 band does. It can be noticed that at potentials more negative than -1 V, the intensities of these two bands are insignificant. The assignment of this band is difficult. Due to the absence of any carbon compound in the NaCl + Na 2 SO 4 aqueous solution, this band should arise from surface molecular complexes composed of water, chloride ions and copper (ad)atoms [30] . A band in this spectral region was also observed but not explained by Storey et al. [33] in a blank SERS spectrum of an activated copper electrode in 0.1 M KBr solution. It is also interesting to note that, at 0 V, spectrum (a)
Figure 5B, copper oxide bands are displayed but the clear band located at 964 cm -1 from sulphate anion is not displayed, maybe due to the strong adsorption of Cl -anion. Similar competition has been detected by other authors [34] . As the electrode potential becomes more negative, copper oxide bands disappear and at very negative potentials (-1 V), close to the hydrogen evolution reaction, the peak related to coadsorbed Cl -anions disappears too.
Let us return again to the Figure 4 . In addition to the band at 290 cm -1 other ones can be observed: bands centered at 1900 cm -1 and 2920 cm -1 and a broad feature that appears between 1100 and 1650 cm -1 . In this feature, bands between 1500 and 1580 cm -1 are clearly observed and would indicate the presence of double C=C bonds on the surface.
Net Raman spectra of chlorinated ethylenes show bands in this spectral range [35] . On the other hand, the intensity and persistence of the band centered at 2920 cm -1 (that is also present in spectra shown in Figure 5B ), at potentials more negative than -1 V, could support the existence of C-H stretching. Nevertheless, in order to check the presence of C-H bonds, an experiment with D 2 O was performed. Figure 6 shows a set of SER spectra recorded under these experimental conditions. Now, a new band appears at 2130 cm -1 which is the wavenumber expected for a C-D stretching, but the band at 2920 cm -1 is still present. Thus, such a band should have a component due to C-H stretching and, consequently, species containing C-H bonds are present on the electrode surface and C-H bending modes would be included as a component in the broad band around 1300 cm -1 [35] .
Another spectral feature shown in Figure 4 is at 1900 cm -1 (fwhm = 180 cm -1 ). It is reported in the literature that dechlorination of chloroethylenes on Cu(110) [21, 29, 32] produces mainly acetylene. Yang et al. [22] in their study of the chemistry of chloroethylenes on Cu(100) found that TCE dissociation generates acetylene and deposits a carbon residue on the surface. Abrantes et al. [36] bonded to a carbon atom are the most simple compounds, and copper acetylides show the largest frequency downshifts for coinage metals. Besides, acetylides tend on these metals to associate and to form a σπ bond with one or two other metal atoms [38] . Finally, another possible assignment of this band should be mentioned. It has been reported [39] that the electrocatalytic dehydrochlorination of 1,1,2-trichloroethane at a Ni electrode leads to the formation of a carbine analogue, as indicated by a broad band at 1960 cm -1 assigned to the carbon-carbon stretching mode of sp-bonded carbons [40] . Therefore, we tentatively assign the band centered at 1900 cm -1 to an acetylide-Cu species. The potential dependence of the SER spectra might also be expected to yield insight into the adsorbate structure but the large bandwiths tend to obscure any clear-cut trends. However, the intensities of the bands are markedly potential dependent and this would suggest that an electrochemical reaction (more likely hydrogenation) of the adsorbate may have taken place in the system. With all the previous information, a pausible explanation can be given for the voltametric behavior shown in Figure 3 at potentials more positive than -0.36 V where, in static conditions, higher anodic current densities are recorded in presence of PCE than those obtained in its absence in opposite to Figure 3B , where a enhanced mass-transport conditions increases the cathodic contribution in the potential range. Keeping in mind the decreasing of the oxidation of copper electrode in presence of Cl -, at potential higher than -0.36 V (figure 5A), and that the oxidation of chlorinated compounds is not a favored process [16] , it means that enhancement of the copper oxidation in figure 3A is not due to the Cl-Cu interactions but likely to the Cu-PCE byproducts, which seems to improve the copper oxidation. Stable copper acetylide complex has been detected in the Pd/Cu catalyzed coupling reactions of acetylenic derivatives [41] , in the dimerization and hydration of acetylene in water with a copper(I) catalyst, as activated catalyst, [H···Cl-Cu-C 2 H], formed in the reaction mixture, with acetylene or water [42] and as thermal products of copper acetylenedicarboxylate system [43] . The band at 1900 cm -1 assigned to an acetylide-Cu species would support the role of the Cu-PCE byproducts in the improvement of the Cu oxidation at potential higher than -0.36 V. SER spectra also show that, in this potential window, several processes take place, at least, oxidation of copper and adsorptionreduction of PCE. Due to the low solubility of PCE, the electroreducion of PCE is not favored under static conditons and so, an increase of the mass-transport conditions can favor the process related to the PCE interaction with the surface.
Bulk electrolysis of the system aqueous PCE-Na 2 SO 4 -Cu electrode
As preliminary results about the electrochemical reduction of PCE, more qualitative information about the process was obtained through the comparison between preparative electrolysis experiments and the direct chemical reduction with copper in analogous experimental conditions. In this way, three conical glass flasks were provided with (i) PCE-Na 2 SO 4 solutions without copper, (ii) PCE-Na 2 SO 4 solutions with equivalent copper powder to have the same surface area as the copper electrode used in bulk electrolysis and (iii) PCE-Na 2 SO 4 solutions with a huge excess of powder copper (2000 times higher than test (ii)). In any case, no PCE reduction products were obtained so we can exclude direct chemical reduction under our experimental conditions. For bulk electrolysis, three different electrode potentials were chosen: at -0.3 V where, upon an increase in the mass-transport conditions, the net anodic current becomes cathodic current; at -0.55 V, where tentatively simultaneous copper oxide and PCE electroreduction take place; and at -1 V, just prior to the massive hydrogen evolution potential range. No incipient hydrogen evolution was observed at -1V but TCE was clearly detected along with DCE in the catholyte by HPLC, with a DCE/TCE molar ratio lower than one. In addition, Cl -was detected in the catholyte by potentiometric titration, establishing the electroreduction of PCE at this potential. In the gas phase, a similar molar ratio was detected. The results obtained at -0.55 V and -0.3 V are similar, but different from those obtained at -1.V. HPLC was not able to detect TCE or DCE in solution at any charge, so a poor efficiency must be attributed to the electroreduction at these experimental conditions. However, the most sensitive gas cromatography detected a peak of DCE from the catholyte (but not TCE). Cl -anions were again detected in the catholyte, in agreement with PCE electroreduction.
Finally, a reasonable explanation for the potential dependence of the presence or absence for DCE and TCE can be directly related to the adsorbed -C≡C-structure. The presence of this structure on the surface would imply that a multi-electron reduction can be favored, giving DCE rather than TCE as reduction product. The low level of DCE detected suggests that the process takes place at the surface. The detection of TCE and DCE at potentials more negative than -1 V in the preparative electrolysis and the disappearance of the band at 1900 cm -1 at these potentials could imply that another pathway is being favored, a stepwise C-Cl cleavage.
Conclusions
The potential-dependent formation of perchloroethylene derivatives on a copper surface in neutral noncomplexing aqueous media reveals that perchloroethylene undergoes reduction at E ≤ -0.3 V, this process taking place simultaneously with copper oxidation. This is confirmed by the emergence of intense Cu-Cl stretching (band at 290 cm -1 ), C-H stretching (contribution to the band at 2920 cm 
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Figure 5B.-Surface-enhanced Raman spectra at SERS-active copper electrode from 1mM NaCl + 0.05M Na 2 SO 4 at different potentials showed in the figure 5A. 
